1. Introduction {#s0005}
===============

Mstn is a member of the transforming growth factor beta (TGF-β) superfamily and it plays an essential role in the negative regulation of skeletal muscle mass. Animals either lacking Mstn or treated with substances that block Mstn activity exhibit significant muscle hypertrophy. By contrast, Mstn overexpression or its systemic administration has been implicated in several forms of muscle loss, including severe cachexia [@bib1], [@bib2]. Recent evidence suggests that Mstn and Activin A (another TGF-β superfamily member, shared the same receptor with Mstn to inhibit growth of muscle mass) might contribute to cancer cachexia [@bib3], [@bib4], [@bib5]. Moreover, the inactivation of Mstn by treatment with an activin receptor type IIB (ActRIIB) antagonist or with an antibody directed against Mstn ablates the symptoms of cancer cachexia in tumor-bearing mice [@bib6], [@bib7]. Therefore, Mstn appears to be critical for the pathophysiology of muscle loss during cancer progression, although the functional importance of Mstn in regulating the survival and growth of cancer cells remains obscure.

It has been shown that Mstn plays a crucial role in the regulation of lipid metabolism and energy homeostasis, where Mstn^--/--^ mice exhibit suppressed body fat accumulation [@bib8]. Furthermore, Burgess et al. observed that Mstn^--/--^ mice were protected from the side effects of consuming high-fat diets, where the mice displayed reduced weight gain and intramuscular fat deposits [@bib9]. Mstn^--/--^ mice also exhibited a significant increase in energy expenditure compared with wild-type mice, which was calculated by measuring the food intake, body composition, and rates of oxygen consumption [@bib10]. Using mouse embryonic fibroblasts isolated from Mstn-deficient and wild-type embryos, it was demonstrated that a group of Mstn KO mice exhibited significantly increased levels of genes and proteins involved with energy expenditure under specialized adipogenic conditions, thereby suggesting a possible role of Mstn in the control of energy expenditure in addition to an effect on muscle mass.

Cancer cells have altered metabolic requirements compared with their normal counterparts, which are characterized by an increase in glycolysis (the Warburg effect) as well as an increased rate of glucose transport, diminished pyruvate oxidation and increased lactic acid production, increased fatty acid turnover, and a reduced fatty acid oxidation rate [@bib11], [@bib12], [@bib13]. Cancer cells may be more sensitive to oxidative stress due to the high endogenous ROS levels produced by increased metabolic stress and proliferative capacity [@bib14], [@bib15]. The reliance on increased aerobic glycolysis and reduced mitochondrial respiration can reduce ROS production, which is thought to minimize oxidative stress during the phases of high biosynthetic activity and DNA replication [@bib16]. Furthermore, it has been reported that the increased fatty acid uptake as well as the concomitant rise in oxidative stress initiate apoptosis in cancer cells, possibly providing a selective mechanism for inducing tumor cell death [@bib17].

In the current study, we determined the expression of Mstn in various types of tumor tissues and cancer cells, and aimed to define the mechanisms of Mstn disruption-induced growth inhibition and apoptosis in HeLa cells by using the CRISPR/Cas9 system. Our results show that Mstn is expressed in different types of tumor tissues and cancer cells. In addition, we identify a mechanistic link between cancer metabolism and growth control, which can be useful for designing novel therapeutics to treat human cancer.

2. Materials and methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

To estimate the expression of Mstn, gastric (n = 10), lung (n = 10), esophagus (n = 10) carcinoma tissues and their corresponding pericarcinous tissues (n = 10 each) were collected from Henan provincial the pathology department of the Affiliated Cancer Hospital, Zhengzhou University. This study was approved by the Research Ethics Committee of Henan provincial the Affiliated Cancer Hospital, Zhengzhou University. All these retrospective specimens were handled and made anonymous according to the ethical and legal standards. Written informed consent was obtained from all of the patients.

We obtained a CRISPR/Cas9 genome editing plasmid px330 from Addgene (42230); SYBR Premix Ex Taq (RR420A) and Trizol Reagent (D9108B) from TaKaRa Bio Inc; anti-BCL-2 antibody (\#2870), anti-BAX antibody (\#5023), anti-cleaved caspase-3 antibody (\#9664), anti-cleaved caspase-7 antibody (\#8438), anti-Mstn antibody (\#MAB788), and horseradish-peroxidase-conjugated donkey anti-mouse (715-035-150) and anti-rabbit IgG (711-035-152) antibodies from Jackson ImmunoResearch Laboratories; Genomic DNA Isolation Kit (SK8221) from Sangon Biotech, Shanghai; FITC Annexin V/Dead Cell Apoptosis Kit from Invitrogen (V13242); Caspase-Glo 3/7 Assay from Promega (G8090); JC-1 probe and anti-cytochrome c antibody (AC908) from Beyotime Institute of Biotechnology (China); BODIPY493/503 from ThermoFisher; Cellular total cholesterol and triglyceride extraction kits from Applygen (China); BCA protein assay kit from DingGuo (China); N-acetylcysteine (NAC), PEG-SOD, apocynin, rhodamine 123, MitoPY1, dihydroethidium (DHE), tetramethylrhodamine methyl ester perchlorate (TMRM), from Sigma-Aldrich; and a TdT-mediated dUTP nick-end labeling (TUNEL) staining kit and dichlorofluorescein diacetate (DCFH-DA) from YEASEN Biotechnology Company (Shanghai, China); Etomoxir (CAS No.: 124083-20-1) from MedChemExpress; \[9,10-^3^H(N)\]-Palmitic Acid was obtained from Perkin Elmer Life Sciences.

2.2. Cell culture {#s0020}
-----------------

Cells were grown in monolayers at 37 °C under 5% CO~2~ and maintained in Dulbecco\'s Modified Eagle\'s Medium (Gibco) containing 100 units/ml penicillin and 100 μg/ml streptomycin sulfate, which was supplemented with 10% fetal bovine serum (Gibco).

2.3. Production of Mstn-shRNA stably expressing cells {#s0025}
-----------------------------------------------------

The short hairpin RNA (shRNA) sequences targeting human *Mstn* were selected using BLOCK-iT™ RNAi Designer (Life Technologies, Carlsbad, CA), i.e., sh1: GGCAGAGCATTGATGTGAAGA; sh2: GCTCTGGAGAGTGTGAATTTG; and sh3: GGTCATGATCTTGCTGTAACC. The shRNA expression cassettes against specific genes were designed as follows: forward oligo: 5′-CCGG-21bp sense-CTCG AG-21bp antisense-TTTTTG-3′, reverse oligo: 5′-AATTCAAAAA-21bp sense-CTC GAG-21bp antisense-3′. The oligos containing selected shRNA sequences were flanked by sequences compatible with the sticky ends of *Eco*RI and *Age*I. Forward and reverse oligos were annealed and ligated into the pLKO.1 vector to produce a final plasmid that expressed the shRNA of interest. Lentiviral particles were then produced. Briefly, 4 × 10^6^ human HEK293T cells were plated on 10-cm dishes at 24 h before transfecting with 1 μg shRNA containing pLKO.1 vector, 0.75 μg psPAX2 (packaging plasmid), and 0.25 μg pMD2.G (envelope plasmid). Transfection used a ratio of three volumes FuGENE^®^ HD (μL) to one volume DNA (μg). The medium was changed after 16 h. Viral particles were collected at 48 h after transfection and used to infect human cancer cells (Huh7, HeLa, HepG2, and A549) and non-tumorigenic HEK293 cells. The infected cells were selected in culture medium containing puromycin for 2 weeks.

2.4. gRNA cloning method {#s0030}
------------------------

The genomic target sequence (5′-CTCATCAAACCTATGAAAGA-3′) of *Mstn* for the specificity of the Cas9 nuclease immediately precedes a 5′-NGG-3′ protospacer adjacent motif (PAM). Two partially complementary oligonucleotides (5′-CACCGTCATCAAACCTATGAAAGA-3′ and 5′-AAACTCTTTCATAGGTTTG ATGAC-3′) were synthesized, annealed, and ligated into pX330 after digestion using the *Bbs*I restriction enzyme. This plasmid (designated as the *Mstn* KO plasmid) contained two expression cassettes, hSpCas9 and the chimeric guide RNA, which could guide hSpCas9 to the genomic target site in *Mstn*.

2.5. Establishment of HeLa/Mstn KO cells {#s0035}
----------------------------------------

HeLa cells were seeded into a 60 mm dish at a density of 5 × 10^5^. The Mstn KO plasmid was transfected into cells with Lipofectamine 2000 (Invitrogen) according to the manufacturer\'s instructions. After 48 h, the cells were dissociated by trypsinization to obtain single cells. The cells were counted and serially diluted in culture medium to a final concentration of 0.5 cells per 100 μL in a 96-well plate, which was followed by an expansion period to establish a new clonal cell line. To identify the status of genome editing, PCR amplification was performed with the genomic DNA isolated from different clonal cell lines and primers specific for the target sequence, followed by DNA sequencing.

2.6. Immunoblotting analysis {#s0040}
----------------------------

Whole cell lysates were prepared with RIPA buffer supplemented with protease inhibitors (Roche). Protein samples were separated by SDS-PAGE and transferred to cellulose nitrate membranes (Whatman), after incubation in 5% nonfat milk for 1 h. The membrane was incubated with the primary antibody at 4 °C overnight and then incubated with the horseradish-peroxidase-conjugated secondary antibody for 1 h. The target proteins were detected using Luminata™ Crescendo Western HRP Substrate (Millipore). Each experiment was repeated at least three times using separate batches of cells.

2.7. Caspase 3/7 activity analysis {#s0045}
----------------------------------

The activities of caspases 3 and 7 were analyzed using the Caspase-Glo 3/7 Assay according to the manufacturer\'s instructions. The luminescent signals were detected using a Fluoroskan Ascent™ Microplate Fluorometer FL (Thermo Scientific). The results were calculated as representative examples based on three independent experiments.

2.8. Annexin V/PI Cell Apoptosis analysis {#s0050}
-----------------------------------------

Annexin V/PI (propidium iodide) staining was performed using an FITC Annexin V/Dead Cell Apoptosis Kit according to the manufacturer\'s instructions. Briefly, cells were grown in a 6-well plate for 24 h, washed with PBS, and digested with Trypsin-EDTA solution. Cells were then collected by centrifugation and washed twice with ice-cold PBS. After washing one more time with 1x annexin-binding buffer, the cells were incubated in 100 μL annexin-binding buffer containing 5 μL annexin V and 1 μL PI for 15 min in the dark. Flow cytometric analysis was performed to monitor the green fluorescence of the FITC-conjugated annexin V (488 nm) and the red fluorescence of DNA-bound PI (530 nm) using a BD AccuriC6 flow cytometer. All data were analyzed using FlowJo software.

Cells were grown on coverslips and co-stained with annexin V and PI. After washing with 1x annexin-binding buffer, cells were fixed, mounted, and the fluorescent signals were detected by confocal microscopy (Leica TCS SP5).

2.9. Tumor xenograft model and TUNEL assay {#s0055}
------------------------------------------

Experiments involving animals were performed in accordance with the rules approved by the State Council of the People\'s Republic of China for experimental animal care and use. Four-week-old female BALB/c nude (nu/nu) mice were injected in the flank regions with 4 × 10^6^ HeLa cells in 200 μL of medium. Tumor size and body weight measurements were initiated 7 days post-inoculation and they were recorded every 4 days. Tumor dimensions were measured with calipers and the volumes calculated using the following formula: length × width^2^ × 0.5. All mice were sacrificed 31 days after cell injection, and tumor tissues were collected and weighed.

Apoptotic cells in xenografts were identified by TUNEL staining using an In Situ Cell Death detection kit (TUNEL Apoptosis Detection Kit; YEASEN). The tumor tissue samples were treated according to the manufacturer\'s directions and examined using a fluorescent microscope. The TUNEL-positive cells were counted and the apoptosis index was calculated according to the following formula: (number of apoptotic cells/total number of nuclei) × 100%.

Four-week-old female BALB/c nude (nu/nu) mice were injected in the flank regions with 1 × 10^7^ HeLa/Mstn KO cells in 200 μL of medium (containing PBS or Mstn at a concentration of 300 ng/ml). Seven days after implantation, animals from PBS (n = 8) or Mstn (n = 8) groups were selected to receive direct intratumoral injection of PBS or Mstn at a concentration of 0.5 mg/kg/day. Tumor sizes and body weights of mice were recorded every 4 days. Tumor dimensions were measured with calipers and the volumes calculated using the following formula: length × width^2^ × 0.5. All mice were sacrificed 31 days after cell injection, and tumor tissues were collected and weighed.

2.10. Quantitative real-time PCR (Q-PCR) {#s0060}
----------------------------------------

Total RNA was extracted from cells with Trizol Reagent and reverse transcribed into cDNA with an oligo (dT) primer. Q-PCR was performed using an Eppendorf Mastercycler^®^ ep realplex system according to the manufacturer\'s protocol. All reactions were performed in triplicate and the relative amounts of mRNAs were calculated with the comparative CT method. The results obtained were representative of three independent experiments.

2.11. Measurement of ROS production {#s0065}
-----------------------------------

The intracellular generation of ROS was analyzed using DCFH-DA. The non-fluorescent ester penetrated into the cells and it was hydrolyzed to DCFH by cellular esterases. The probe was rapidly oxidized to yield the highly fluorescent compound, 2′7′-dichlorofluorescein (DCF), in the presence of cellular peroxidase and ROS such as hydrogen peroxide or fatty acid peroxides [@bib18]. Briefly, cells (1 × 10^6^) were cultured and loaded with 10 μM DCFH-DA for 30 min at 37 °C in the dark, and then washed three times with PBS. The fluorescence was measured within 1 h at an excitation wavelength of 488 nm and an emission wavelength of 525 nm.

DHE was used to assess superoxide as a marker of oxidative stress because the membrane-permeable DHE was oxidized by superoxide anions to form ethidium (ETH), which bound to DNA and produced the fluorescent ETH-DNA [@bib19]. Cells were incubated with 5 μM DHE for 30 min at 37 °C in the dark and then rinsed three times with PBS. Cells were visualized and counted within 1 h by fluorescence microscopy.

Mitochondria peroxy yellow 1 (MitoPY1) uses a triphenylphosphonium targeting group and a boronate-based molecular switch to selectively respond to the localized changes in mitochondrial hydrogen peroxide concentrations generated by oxidative stress conditions [@bib20]. Cells were incubated with 5 μM MitoPY1 at 37 °C for 30 min in the dark and then rinsed three times with PBS. Cells were visualized and counted within 1 h by fluorescence microscopy.

2.12. Cell proliferation assay {#s0070}
------------------------------

The cell viability was evaluated using the CCK8 assay according to the manufacturer\'s instructions. In brief, cells were seeded into 96-well plates with 1 × 10^4^ cells/well and incubated in the absence or presence of NAC, PEG-SOD, apocynin or etomoxir for specific time periods. Next, 10 μL of CCK8 was added to each well and the culture medium was incubated at 37 °C for 3 h. The absorbance was detected at 450 nm using a microplate reader (Awareness Technology Inc.).

2.13. Mitochondrial membrane potential assay {#s0075}
--------------------------------------------

Changes in the mitochondrial membrane potential were assessed by JC-1 staining according to the manufacturer\'s protocol. In brief, cells grown on coverslips were stained with JC-1 dye and then observed under a fluorescence microscope. Red fluorescence indicated JC-1 aggregates (excitation/emission = 540/605 nm) formed in normal cells with high Δψ~m~, whereas green fluorescence denoted JC-1 monomers (excitation/emission = 480/510 nm) in apoptotic or unhealthy cells with low Δψ~m~ [@bib21].

TMRM accumulates in hyperpolarized mitochondria and the fluorescence intensity correlates with Δψ~m~ [@bib22]. Cells were incubated with 20 nM TMRM for 30 min at 37 °C in the dark and then rinsed three times with PBS. Cells were visualized and counted within 1 h by fluorescence microscope.

Rhodamine 123 was used to evaluate changes in the mitochondrial membrane potential [@bib23]. Cells were incubated with 1 μM rhodamine 123 for 30 min at 37 °C in the dark and then rinsed three times with PBS. Cells were visualized and counted by fluorescence microscopy within 1 h.

2.14. Subcellular fractionation {#s0080}
-------------------------------

Subcellular fractionation was performed to determine the localization of Cyt-c. In brief, cells were harvested, washed, and homogenized in 500 μL of subcellular fractionation buffer \[250 mM sucrose, 20 mM HEPES (pH 7.4), 10 mM KCl, 1.5 mM MgCl~2~, 1 mM EGTA, 1 mM EDTA, 1 mM DTT, protease and phosphatase inhibitor cocktail\]. The lysates were centrifuged at 700*g* for 5 min at 4 °C to separate the nuclear fraction. Next, the supernatant containing the mitochondrial and cytoplasmic fractions was centrifuged again at 10,000*g* for 15 min at 4 °C. The resulting supernatant was used as the cytoplasmic fraction, and the pellet was washed three times with ice-cold PBS and used as the mitochondrial fraction.

2.15. Lipid droplets (LDs) staining {#s0085}
-----------------------------------

Cells were washed in PBS and fixed with 4% paraformaldehyde for 30 min. After washing with PBS, cells were incubated with 2 μg/ml Bodipy 493/503 (493 nm excitation/503 nm emission) in PBS for 30 min at 37 °C. Digital images were obtained with a fluorescence microscopy.

Cells were washed in PBS and fixed with 4% paraformaldehyde for 30 min. After washing with PBS, cells were stained with Oil Red O (Sigma) solution (Oil Red O saturated solution in isopropanol: water at 3:2) for 15 min. The cells were then washed with 70% alcohol for 5 s to remove background staining, rinsed in double-distilled Millipore water, counterstained with Harris hematoxylin (10 s), mounted, and observed under a light microscope. The diameters of the observed lipid droplets (LDs) were calculated by averaging multiple diameter measurements with Image J software. The LDs number was obtained by Image J analyze particles function (particle area less than 0.01 mm^2^ were excluded).

2.16. Measurement of fatty acid oxidation {#s0090}
-----------------------------------------

Fatty acid oxidation assays were carried out as described [@bib24]. In brief, cells were incubated with MEM Alpha medium containing 5 μCi/ml \[9,10-^3^H(N)\]- Palmitic Acid and 2% fatty acid free BSA overnight. After incubation, the medium was recovered and excess ^3^H-palmitate in the medium was removed by precipitating twice with an equal volume of 10% trichloroacetic acid. The supernatants were extracted by addition of 5 ml of methanol: chloroform (2:1) twice, and an aliquot of the aqueous phase was taken for counting the content of ^3^H~2~O with a liquid scintillation. The values were normalized to total cellular protein content, which were determined with a BCA protein assay kit (Bio-Rad).

2.17. Statistical analysis {#s0095}
--------------------------

In the quantitative analyses, data were obtained based on at least three independent experiments and they were expressed as the mean ± standard error of the mean. Statistical analysis was performed using the *t*-test or one-way analysis of variance (ANOVA). Significant differences were accepted at ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01, and ^\*\*\*^*P* \< 0.0001 versus the corresponding controls.

3. Results {#s0100}
==========

3.1. Expression of Mstn in gastric, lung, esophagus cancer and their pericarcinous tissues {#s0105}
------------------------------------------------------------------------------------------

Mstn plays an important role in the activation of muscle wasting during cancer cachexia [@bib7], [@bib25]. To clarify the function of Mstn in the development of cancer, the clinical expression of Mstn in patients with gastric, lung, esophagus cancer was analyzed. Here we collected gastric (n = 10), lung (n = 10), esophagus carcinoma tissues (n = 10) and their corresponding pericarcinous tissues (n = 10 each). An immunofluorescent staining analysis using anti-Mstn and DAPI were conducted. The results showed that, compared with pericarcinous tissues, the expression of Mstn in gastric, lung and esophageal cancers was significantly increased ([Fig. 1](#f0005){ref-type="fig"}). Moreover, compared with the cells that were not yet cancerous ([Fig. 1](#f0005){ref-type="fig"}A2, \*), the structure of gastric adenocarcinoma showed a more pronounced Mstn expression ([Fig. 1](#f0005){ref-type="fig"}A2, arrowhead). It is interesting to note that in all three cancers, a capsule like structure was found, which contained a large number of Mstn ([Figs. 1](#f0005){ref-type="fig"}A3, 1B5, 1C3, 1C4, 1C6). However, no positive signal was observed in the pericarcinous tissue ([Figs. 1](#f0005){ref-type="fig"}A1, [1](#f0005){ref-type="fig"}B1, [1](#f0005){ref-type="fig"}B2, [1](#f0005){ref-type="fig"}C1, [1](#f0005){ref-type="fig"}C2). These findings suggest that Mstn protein plays an important role in cancer progression.Fig. 1**The expression of Mstn was up-regulated in human gastric, lung and esophagus cancers**. (A) The expression pattern of Mstn in human gastric carcinoma (3--6) and corresponding pericarcinous tissues (1--2) was determined by immunofluorescent staining. The boxed region in the left image is enlarged on the right. The arrowhead indicates cancer cells, and the asterisk (\*) indicates the remaining normal cells that have not yet been cancerous. (B) The expression pattern of Mstn in human lung carcinoma (3--6) and corresponding pericarcinous tissues (1--2) was determined by immunofluorescent staining. (C) The expression pattern of Mstn in human esophagus carcinoma (3--6) and corresponding pericarcinous tissues (1--2) was determined by immunofluorescent staining. Scale bar, 100 µm.Fig. 1

3.2. Mstn expression in human cancer cells and its knockdown inhibited their proliferation {#s0110}
------------------------------------------------------------------------------------------

To investigate the function of Mstn in cachexia-inducing cancer cells, western blot analyses were performed in order to compare the Mstn expression levels in human cancer cells with those in non-tumorigenic HEK293 cells. As illustrated in [Fig. 2](#f0010){ref-type="fig"}A, human cancer cell lines from different tissue sources such as hepatocarcinoma (Huh-7), cervical cancer (HeLa), liver carcinoma (HepG2), and adenocarcinoma human alveolar basal epithelial (A549) cells had significantly higher Mstn expression levels than the non-tumorigenic HEK293 cells [@bib26], [@bib27]. β-actin was used as a loading control and we confirmed that a similar quantity of protein was loaded in each lane. The levels of both the full length and mature forms of Mstn were highest in HeLa cells ([Fig. 2](#f0010){ref-type="fig"}B). To examine whether Mstn affected cancer cell survival and growth, lentivirus-delivered shRNAs were used to stably knock down *Mstn*. All the Mstn-shRNAs transfected cells exhibited significant reductions in their *Mstn* mRNA levels compared with the control-shRNA cells ([Fig. 2](#f0010){ref-type="fig"}C). *Mstn* knockdown dramatically inhibited the proliferation of cancer cells compared with HEK293 cells ([Figs. 2](#f0010){ref-type="fig"}D--[2](#f0010){ref-type="fig"}H). These results indicated that lentivirus-mediated Mstn knockdown inhibited the growth of cancer cells, but it had little effect on the non-tumorigenic HEK293 cells. Among these cancer cells, HeLa had the highest full length and mature forms of the Mstn expression levels, so we selected this cell line for further characterization.Fig. 2**Expression of Mstn in human cancer and non-tumorigenic HEK293 cells, the Mstn knockdown inhibited growth of cancer cells**. (A) Immunoblot analyses of Mstn expression in human cancer (Huh7, HeLa, HepG2, and A549) and non-tumorigenic HEK293 cells. The antibodies used are indicated on the left. Each blot is representative of three independent experiments. (B) Semi-quantitative densitometric analyses of the full length Mstn and the mature Mstn shown in (A) using Image J software. The protein content was normalized against the corresponding β-actin level. Data represent the mean ± standard error of the mean based on three independent experiments, which were analyzed by one-way ANOVA. ^\*\*\*^*P* \< 0.0001. (C) The mRNA levels of *Mstn* in shRNAs stably expressing cells were detected by Q-PCR. Values were normalized relative to the *β-Actin* mRNA levels. Data represent the mean ± standard error of the mean based on three independent experiments. ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01, one-way ANOVA. (D) Proliferation of control-shRNA or Mstn-shRNAs stably expressing Huh7 cells was determined using the CCK8 assay. Data represent the mean ± standard error of the mean based on three independent experiments, which were analyzed by one-way ANOVA. ^\*\*\*^*P* \< 0.0001. (E) Proliferation of control-shRNA or Mstn-shRNAs stably expressing HeLa cells was determined using the CCK8 assay. Data represent the mean ± standard error of the mean based on three independent experiments, which were analyzed by one-way ANOVA. ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.0001. (F) Proliferation of control-shRNA or Mstn-shRNAs stably expressing HepG2 cells was determined using the CCK8 assay. Data represent the mean ± standard error of the mean based on three independent experiments, which were analyzed by one-way ANOVA. ^\*\*\*^*P* \< 0.0001. (G) Proliferation of control-shRNA or Mstn-shRNAs stably expressing HEK293 cells was determined using the CCK8 assay. Data represent the mean ± standard error of the mean based on three independent experiments, which were analyzed by one-way ANOVA. ^\*^*P* \< 0.05. (H) Proliferation of control-shRNA or Mstn-shRNAs stably expressing A549 cells was determined using the CCK8 assay. Data represent the mean ± standard error of the mean based on three independent experiments, which were analyzed by one-way ANOVA. ^\*\*\*^*P* \< 0.0001.Fig. 2

3.3. CRISPR/Cas9-mediated Mstn KO in HeLa cells {#s0115}
-----------------------------------------------

To further confirm the effects of Mstn disruption on cancer cell proliferation, CRISPR/Cas9 was used to knock out Mstn in HeLa cells. The pX330 plasmid expressing both hSpCas9 and a sgRNA targeting exon 2 of Mstn with a 5′-NGG-3′ PAM transfected in HeLa ([Fig. 3](#f0015){ref-type="fig"}A) and single cell clones were then grown up. The presence of Mstn mutations in genomic DNA was measured by DNA sequencing. Some of the clones (37%) had a nucleotide insertion/deletion near the PAM site ([Fig. 3](#f0015){ref-type="fig"}B). To assess the KO efficiency, the Mstn protein levels in different mutant clones were measured by immunoblotting (data not shown). We then selected a clone with sufficient Mstn KO. As shown in [Fig. 3](#f0015){ref-type="fig"}C, the levels of Mstn were greatly reduced in clone-9 compared with the control HeLa cells (pX330 empty plasmid). This KO was due to a four-nucleotide deletion that introduced a premature stop codon, which indicated an effective disruption ([Fig. S1](#s0170){ref-type="sec"}). To test whether off-target mutations occurred in clone-9, we first searched for nucleotide sequences in the human genome that were identical to the sgRNA but with up to three or four base pair (bp) mismatches. We predicted eight potential off-target candidate sites. These off-target sites comprising approximately 300 bp regions were then amplified and sequenced. No mutations were observed in these eight hypothetical off-target loci in clone-9 ([Fig. S2](#s0170){ref-type="sec"}). When cultured in the same conditions, the Mstn KO cells exhibited a marked decrease in their growth rate at specific time points and there were seven times more HeLa cells than KO cells on day 6 based on the number counts ([Fig. 3](#f0015){ref-type="fig"}D). Cell viability measured using the CCK8 assay also confirmed that the loss of Mstn hindered cancer cells\' growth ([Fig. 3](#f0015){ref-type="fig"}E).Fig. 3**Generation of HeLa/Mstn KO cells using CRISPR/Cas9**. (A) Schematic diagram of sgRNA targeting the human *Mstn* exon 2 locus. Protospacer sequences are colored grey. The PAM sequence is framed by a black box. (B) Sequencing of PCR amplification products from Mstn mutant clones confirmed the introduction of insertion-deletion polymorphisms (indels) in exon 2. (C) Immunoblot analysis of Mstn expression in HeLa and HeLa/Mstn KO cells. The antibodies used are indicated on the left. (D) Time-course analysis of viable cell numbers in HeLa and HeLa/Mstn KO cells. Data represent the mean ± standard error of the mean based on three independent experiments, which were analyzed by one-way ANOVA. ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.0001. (E) Proliferation of HeLa and HeLa/Mstn KO cells was determined using CCK8 assays. Data represent the mean ± standard error of the mean based on three independent experiments, which were analyzed by one-way ANOVA. ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.0001.Fig. 3

3.4. Mstn KO induced apoptosis in HeLa cells {#s0120}
--------------------------------------------

We also investigated the possibility that Mstn KO reduced growth of HeLa cells by increasing apoptosis. Apoptosis was analyzed using Annexin V-FITC and PI double staining by confocal microscopy and flow cytometry. The results showed that Mstn KO induced phosphatidylserine externalization to the outer leaflet of the plasma membrane. PI cannot permeate live cells and observations of PI positivity in the Mstn KO cells confirmed the presence of apoptosis ([Fig. 4](#f0020){ref-type="fig"}A). As shown in [Fig. 4](#f0020){ref-type="fig"}B, the percentage of apoptotic cells significantly increased in the Mstn KO group compared with that in the control group (42.82% vs. 0.098%) (*P* \< 0.0001). Q-PCR and western blot detected elevated Bax levels but also a reduction in the expression of Bcl-2 due to the Mstn KO ([Figs. 4](#f0020){ref-type="fig"}C, [4](#f0020){ref-type="fig"}D). Moreover, profound cleavage of caspase-3 and caspase-7 were also observed ([Fig. 4](#f0020){ref-type="fig"}E). We also found that the caspase activity was markedly enhanced in HeLa/Mstn KO cells using the Caspase-Glo 3/7 assay (*P* \< 0.01) ([Fig. 4](#f0020){ref-type="fig"}F). Furthermore, the lentivirus-mediated knockdown of Mstn in human cancer cells (Huh-7, HeLa, HepG2, and A549) increased the activities of caspase-3 and -7, but there were no significant increases in the activities of caspase-3 and -7 in the non-tumorigenic HEK293 cells with Mstn knockdown ([Fig. S3](#s0170){ref-type="sec"}).Fig. 4**Mstn KO promoted HeLa cell apoptosis**. (A) Cells were co-stained with Annexin V/PI and fluorescence was detected using a fluorescence microscope. Scale bar, 10 µm. Each image is representative of three independent experiments. (B) Cells were stained with Annexin V/PI and apoptosis was determined using flow cytometry. (C) The mRNA levels of *Bcl-2* and *Bax* were detected by Q-PCR. Values were normalized relative to the *β-Actin* mRNA levels. Data represent the mean ± standard error of the mean based on three independent experiments. ^\*^*P* \< 0.05, unpaired two-tailed *t*-test. (D) Immunoblot analysis was performed using the indicated antibodies. Semi- quantitative densitometric analyses of BCL-2 and BAX were performed using Image J. The protein content was normalized against the corresponding β-actin content. Data represent the mean ± standard error of the mean based on three independent experiments. ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01. (E) Immunoblot analysis was performed with the indicated antibodies. Semi- quantitative densitometric analysis of cleaved caspase-3 and caspase-7 was performed using Image J. The protein content was normalized against the corresponding β-actin content. Data represent the mean ± standard error of the mean based on three independent experiments. ^\*\*^*P* \< 0.01. (F) The activities of caspase 3 and 7 were analyzed using the Caspase-Glo 3/7 assay. Data represent the mean ± standard error of the mean based on three independent experiments. ^\*\*^*P* \< 0.01, unpaired two-tailed *t*-test. (G) Recombinant Mstn was expressed and purified as described previously [@bib28]. The purified recombinant Mstn (Lys193-Ser375) protein was visualized by coomassie blue staining. (H) HeLa cells were treated with PBS or Mstn at different concentrations (100, 300, 500, 700, 1000 ng/ml) for the indicated times. Proliferation of cells was determined using the CCK8 assay. Data represent the mean ± standard error of the mean based on three independent experiments. (I) HeLa/Mstn KO cells were treated with PBS or Mstn at different concentrations (100, 300, 500 ng/ml) for the indicated times. Proliferation of cells was determined using the CCK8 assay. Data represent the mean ± standard error of the mean based on three independent experiments, which were analyzed by one-way ANOVA. ^\*\*\*^P \< 0.0001. (J) Cells were treated with culture media from normal HeLa cells for the indicated times. Proliferation of cells was determined using the CCK8 assay. Data represent the mean ± standard error of the mean based on three independent experiments, which were analyzed by one-way ANOVA. ^\*\*\*^P \< 0.0001.Fig. 4

To assess whether these alterations can be reversed by addition of recombinant Mstn to the culture medium of Mstn KO cells, we purified recombinant Mstn protein [@bib28] ([Fig. 4](#f0020){ref-type="fig"}G) and verified the effect in HeLa and Mstn-deficient cells. As shown in [Fig. 4](#f0020){ref-type="fig"}H, we observed that prolonged exposure of Mstn caused significant viability loss of the HeLa cells in a dose-dependent manner. Nevertheless, the growth inhibition of HeLa/Mstn KO cells was reversed by addition of recombinant Mstn. On the dose, 300 ng/ml had achieved the best effect ([Fig. 4](#f0020){ref-type="fig"}I). In addition, adding culture media from normal HeLa cells also promoted HeLa/Mstn KO cell growth ([Fig. 4](#f0020){ref-type="fig"}J). The results suggest that the function of endogenous Mstn is indispensable for HeLa cell growth but exposure to exogenous Mstn at higher concentrations can be detrimental.

3.5. Mstn KO inhibited the tumor growth in the HeLa xenograft nude mice {#s0125}
-----------------------------------------------------------------------

We then determined whether the loss of Mstn induced HeLa cell apoptosis in a tumor xenograft model. The effect of Mstn KO on xenograft tumors was examined in immune-deficient nude mice. As shown in [Figs. 5](#f0025){ref-type="fig"}A and [5](#f0025){ref-type="fig"}B, tumor progression was more rapid in the HeLa group than those inoculated with HeLa/Mstn KO cells. We also found that the tumor sizes in the Mstn KO group were significantly smaller than those in the HeLa group after injection for 22 days ([Fig. 5](#f0025){ref-type="fig"}C). The tumor weights were substantial reductions in mice bearing Mstn KO cells ([Fig. 5](#f0025){ref-type="fig"}D). We then tested whether the reduced tumor size was due to apoptosis, as observed in the cultured cancer cells. Indeed, TUNEL-staining analysis detected a markedly increased number of apoptotic tumor cells in the Mstn KO group compared with the HeLa group (60% vs. 4%) ([Fig. 5](#f0025){ref-type="fig"}E). We next examined whether adding Mstn promoted HeLa/Mstn KO cells growth in xenograft tumor models. When treated with Mstn, the growth inhibition of Mstn KO cells was obviously attenuated ([Figs. 5](#f0025){ref-type="fig"}F, [5](#f0025){ref-type="fig"}G). Moreover, compared with the PBS group, the tumor weights in the Mstn treated group were significantly increased ([Fig. 5](#f0025){ref-type="fig"}H). These results demonstrate that the Mstn-deficiency can not only induce HeLa cell apoptosis *in vitro*, but also inhibits tumorigenesis *in vivo* in the xenograft tumor model.Fig. 5**Mstn KO inhibited growth of tumor xenograft in nude mice.** (A) Representative mice bearing tumors after 34 days post inoculation. Black arrowheads, inoculation sites. (B) Cells were injected into nude mice and four representative xenograft tumors in each group are shown. Scale bar, 1 cm. (C) Tumor sizes were measured on the days indicated and the tumor volumes were calculated. Data represent the mean ± standard error of the mean (n = 8 per group). ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.0001, one-way ANOVA. (D) Tumor weights are shown in the scatter plot. Data represent the mean ± standard error of the mean (n = 8 per group). ^\*\*\*^*P* \< 0.0001, unpaired two-tailed *t*-test. (E) Representative images of fluorescent TUNEL and DAPI staining of xenograft tumor sections. The boxed region in the image is enlarged below. Scale bar, 50 µm. The percentages of apoptotic cells in tumor xenografts were quantified and normalized versus the number of nuclei. At least 300 cells from each section were counted. Data represent the mean ± standard error of the mean. ^\*\*\*^*P* \< 0.0001, unpaired two-tailed *t*-test. (F) HeLa/Mstn KO cells were injected into nude mice and PBS or Mstn were injected intratumorally. Four representative xenograft tumors in each group with the treatment of PBS or Mstn were shown. Scale bar, 1 cm. (G) Tumor sizes were measured on the days indicated and the tumor volumes were calculated. Data represent the mean ± standard error of the mean (n = 8 per group). ^\*^P \< 0.05, ^\*\*\*^P \< 0.0001, one-way ANOVA. (H) Tumor weights are shown in the scatter plot. Data represent the mean ± standard error of the mean (n = 8 per group). ^\*^P \< 0.05, unpaired two-tailed *t*-test.Fig. 5

3.6. Mstn KO triggered mitochondria-dependent apoptosis in HeLa cells {#s0130}
---------------------------------------------------------------------

Mstn KO induced apparent changes in the morphology of mitochondria where they transformed from filamentous to dot-shaped ([Fig. 6](#f0030){ref-type="fig"}A). These dot-shaped mitochondria were also apparent in cells during apoptosis [@bib29] or under metabolic stress-induced cell death [@bib30]. To establish whether Mstn KO induces mitochondria- dependent apoptosis in HeLa cells, we measured the mitochondrial membrane potential using JC-1 dye staining. As shown in [Fig. 6](#f0030){ref-type="fig"}B, JC-1 aggregates accumulated in the mitochondrial membrane and emitted a strong red fluorescent signal in HeLa cells, thereby indicating no changes in the mitochondrial membrane potential. However, Mstn KO cells exhibited increased green fluorescence, which indicated the existence of monomeric JC-1 and depolarization of the mitochondrial membrane. Moreover, the significant decreases of fluorescence intensity due to TMRM ([Fig. 6](#f0030){ref-type="fig"}C) and rhodamine 123 ([Fig. 6](#f0030){ref-type="fig"}D) in the Mstn KO cells also reflected the loss of Δψ~m~. Following mitochondrial membrane depolarization, the redistribution of Cyt-c from mitochondria into the cytosol is a fundamental event during apoptosis, where Cyt-c activates caspases. Therefore, we investigated the cellular distribution of Cyt-c using immunostaining and subcellular fractionation assays. The presence of Cyt-c in the cytoplasm was confirmed by microscopy ([Fig. 6](#f0030){ref-type="fig"}E). Furthermore, subcellular fractionation and western blot analysis indicated that the levels of Cyt-c protein were significantly increased in the cytoplasmic fractions from Mstn KO cells compared with those from HeLa cells ([Fig. 6](#f0030){ref-type="fig"}F). In sum, these results demonstrate that mitochondria are involved in Mstn-deficiency induced HeLa cell apoptosis.Fig. 6**Mstn KO induced mitochondrial apoptosis in HeLa cells.** (A) Mstn KO altered the mitochondrial morphology in Hela cells. Cells were transiently transfected with mito-RFP for 24 h, fixed, and the mito-RFP signals were measured using confocal microscopy. Scale bar, 10 µm. Boxed region in the top image is enlarged below. Each image is representative of three independent experiments. (B) Cells were stained with JC-1 to measure the changes in the mitochondrial membrane potential and observed by fluorescence microscopy. Scale bar, 10 µm. Each image is representative of three independent experiments. (C) Representative fluorescence image of cells loaded with TMRM. Scale bar, 10 µm. Quantitative changes in the TMRM fluorescence intensity was analyzed by Image J. At least 300 cells were analyzed based on three independent experiments. Data represent the mean ± standard error of the mean. ^\*\*^*P* \< 0.01, unpaired two-tailed *t*-test. (D) Representative fluorescence image of cells loaded with rhodamine 123. Scale bar, 10 µm. Quantitative changes in the rhodamine 123 fluorescence intensity were analyzed by Image J. At least 300 cells were analyzed based on three independent experiments. Data represent the mean ± standard error of the mean. ^\*\*^*P* \< 0.01, unpaired two-tailed *t*-test. (E) Immunostaining of Cyt-c was observed by fluorescence microscopy. Scale bar, 10 µm. The percentage of cells that released Cyt-c into the cytoplasm was counted. At least 300 cells were analyzed based on three independent experiments. Data represent the mean ± standard error of the mean. ^\*\*\*^*P* \< 0.0001, unpaired two-tailed *t*-test. (F) The release of mitochondrial Cyt-c was estimated by examining the Cyt-c protein content of mitochondria and the extracted mitochondria-free cytoplasmic fraction by western blotting. Prohibitin (PHB) and β-actin antibodies were used as loading controls for the mitochondrial and cytoplasmic fractions, respectively. Results are representative of three independent experiments.Fig. 6

3.7. Mstn KO reduced the lipid content and activated fatty acid oxidation {#s0135}
-------------------------------------------------------------------------

Mstn inhibition leads to reduced body fat levels [@bib31]. To investigate whether Mstn could affect fatty acid metabolism in cultured cancer cells, we examined the intracellular triglyceride (TG) and lipid contents by BODIPY493/503 and Oil Red O staining. Using microscopy, we observed reductions in the intensity of LDs in the cytoplasm of Mstn KO cells ([Figs. 7](#f0035){ref-type="fig"}A, [7](#f0035){ref-type="fig"}B). LD diameter was decreased \~55% (*P* \< 0.0001) compared to HeLa cells, while a \~67% (*P* \< 0.0001) reduction in LD number ([Fig. 7](#f0035){ref-type="fig"}C). The total TG ([Fig. 7](#f0035){ref-type="fig"}D) and total cholesterol (TC) ([Fig. 7](#f0035){ref-type="fig"}E) contents were also lower compared with the control cells. We hypothesized that this could have been caused by reduced triglyceride synthesis or enhanced fatty acid oxidation. Subsequent Q-PCR analysis indicated the elevated expression of genes encoding enzymes involved with cholesterol synthesis (*Hmgcr*) ([Fig. 7](#f0035){ref-type="fig"}F) and fatty acid synthesis (*Fasn*) ([Fig. 7](#f0035){ref-type="fig"}G). However, the mRNA level of *Acc1*, another gene required for the biosynthesis of fatty acids, was not altered ([Fig. 7](#f0035){ref-type="fig"}H). Therefore, we considered that Mstn KO reduced the lipid contents due to increased energy expenditure. Consistent with this hypothesis, the mRNA levels of *Pgc1a* and *Pparg* were upregulated by several times, which are key transcriptional regulators of energy homeostasis, and there were corresponding increases in fatty acid oxidation ([Figs. 7](#f0035){ref-type="fig"}I, [7](#f0035){ref-type="fig"}J). Furthermore, the HADH, UCP2, and CPT1 enzymes are correlated with fatty acid oxidation. We found that the *Hadh*, *Ucp2*, and *Cpt1* mRNA expression levels were markedly increased in HeLa/Mstn KO cells ([Figs. 7](#f0035){ref-type="fig"}K--[7](#f0035){ref-type="fig"}M). To correlate the increase in mRNA expression of fatty acid oxidation genes caused by Mstn with changes in lipid metabolism, we determined the rate of fatty acid oxidation in HeLa and KO cells. The oxidation of exogenously administered 9,10-\[^3^H\]palmitate, measured by ^3^H~2~O production, increased 1.4-fold (*P* \< 0.05) in Mstn KO cells compared with control group ([Fig. 7](#f0035){ref-type="fig"}N). In addition, the rate of fatty acid oxidation was also significantly increased in the Mstn-shRNAs stably expressing HeLa cells ([Fig. 7](#f0035){ref-type="fig"}O). These results indicate that the expression levels of key enzymes are upregulated by Mstn-deficiency, thereby enhancing fatty acid oxidation.Fig. 7**Mstn KO reduced the lipid content and increased fatty acid oxidation.** (A) LDs in cells were stained with BODIPY 493/503. The boxed region in the top image is enlarged on the bottom. Each image is representative of three independent experiments. (B) Cells were fixed and stained with Oil Red O. Nuclei were counterstained with hematoxylin. Scale bar, 10 µm. The boxed region in the top image is enlarged on the bottom. Each image is representative of three independent experiments. (C) Plots of the average LD diameter (left) and LD number per cell (right) in Oil Red O images are shown. At least 40 cells were counted. Data represent the mean ± standard error of the mean. ^\*\*\*^*P* \< 0.0001, unpaired two-tailed *t*-test. (D) TG concentrations in cells were normalized versus the cellular protein content. Data represent the mean ± standard error of the mean based on three independent experiments. ^\*^*P* \< 0.05, unpaired two-tailed *t*-test. (E) TC concentrations in cells were normalized versus the cellular protein content. Data represent the mean ± standard error of the mean based on three independent experiments. ^\*\*^*P* \< 0.01, unpaired two-tailed *t*-test. (F--M) The mRNA levels of *Hmgcr*, *Fasn*, *Acc1*, *Pgc1a*, *Pparg*, *Hadh*, *Ucp2*, and *Cpt1* were examined by Q-PCR in HeLa and HeLa/Mstn KO cells. Values were normalized relative to the *β-Actin* mRNA levels. Data represent the mean ± standard error of the mean based on three independent experiments. NS, not significant, ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.0001; unpaired two-tailed *t*-test. (N) Fatty acid oxidation in cells was determined as release of ^3^H~2~O from labeled palmitate. Data represent the mean ± standard error of the mean based on three independent experiments. ^\*^*P* \< 0.05; unpaired two-tailed *t*-test. (O) Fatty acid oxidation in control-shRNA or Mstn-shRNAs stably expressing HeLa cells was determined as release of ^3^H~2~O from labeled palmitate. Data represent the mean ± standard error of the mean based on three independent experiments. ^\*^*P* \< 0.05; unpaired two-tailed *t*-test.Fig. 7

3.8. ROS generation involved in apoptosis of HeLa/Mstn KO cells {#s0140}
---------------------------------------------------------------

Tumor cells possess a high rate of glycolysis even in the presence of oxygen and fully functioning mitochondria. This process is known as the Warburg effect, it can protect cells from oxidative stress [@bib12], [@bib16], [@bib17], [@bib32]. Our results demonstrate that mitochondria are involved in the Mstn KO-induced apoptosis of HeLa cells and that the levels of fatty acid oxidation are increased. To test whether fatty acid oxidation leads to ROS generation in cancer cells, we added the intracellular ROS sensors DCFH-DA or DHE to cells. As indicated in [Figs. 8](#f0040){ref-type="fig"}A and [8](#f0040){ref-type="fig"}B, the generation of ROS was detected in Mstn KO cells by fluorescent microscopy (*P* \< 0.0001). Moreover, after adding mitoPY1 (a mitochondria-specific fluorescent probe for H~2~O~2~) to the cell suspension, the intensity of green fluorescence significantly increased in the Mstn KO cells compared with the control group ([Fig. 8](#f0040){ref-type="fig"}C). In addition, the increased ROS production was confirmed in human cancer cells (Huh-7, HeLa, HepG2, and A549) expressing Mstn-shRNAs, while the non-tumorigenic HEK293 cells with Mstn knockdown had raised ROS levels but the increases were not significant ([Fig. S4](#s0170){ref-type="sec"}). These results demonstrate that the loss of Mstn triggers ROS generation. Strikingly, ROS production was markedly blocked by NAC or PEG-SOD treatment, but not by the NADPH oxidase inhibitor apocynin ([Fig. 8](#f0040){ref-type="fig"}D), thereby suggesting that the mitochondria-derived ROS but not NADPH oxidase was responsible for the accelerated generation of cellular ROS in Mstn KO cells. The free radical scavenging properties of NAC or PEG-SOD can be exploited as antioxidants. Thus, as expected, compared with the vehicle control and apocynin treatment, Mstn KO-induced apoptosis was partially abolished by NAC or PEG-SOD treatment ([Figs. 8](#f0040){ref-type="fig"}E--[8](#f0040){ref-type="fig"}G).Fig. 8**ROS production in Mstn KO cells.** (A) Cells were treated with 10 μM DCFH-DA for 30 min and fluorescence was detected using a fluorescence microscope. Scale bar, 10 µm. Image J analysis was used for semi-quantification of the fluorescence intensity. At least 300 cells were analyzed based on three independent experiments. Data represent the mean ± standard error of the mean. ^\*\*\*^*P* \< 0.0001, unpaired two-tailed *t*-test. (B) Cells were treated with 5 μM DHE for 30 min and fluorescence was detected using a fluorescence microscope. Scale bar, 10 µm. Image J analysis was used for semi-quantification of the fluorescence intensity. At least 300 cells were analyzed based on three independent experiments. Data represent the mean ± standard error of the mean. ^\*\*\*^*P* \< 0.0001, unpaired two-tailed *t*-test. (C) Cells were treated with 5 μM MitoPY1 for 30 min and fluorescence was detected using a fluorescence microscope. Scale bar, 10 µm. Image J analysis was used for semi-quantification of the fluorescence intensity. At least 300 cells were analyzed based on three independent experiments. Data represent the mean ± standard error of the mean. ^\*\*\*^*P* \< 0.0001, unpaired two-tailed *t*-test. (D) ROS production was measured using DCFH-DA. HeLa and HeLa/Mstn KO cells were incubated in the absence or presence of 1 mM NAC, PEG-SOD (150 U/ml), or 100 μM apocynin overnight. The fluorescent intensities of DCF were examined using a fluorescent plate reader. Data represent the mean ± standard error of the mean based on three independent experiments, which were analyzed by one-way ANOVA. NS, not significant, ^\*\*\*^*P* \< 0.0001. (E) Cell proliferation was analyzed using the CCK8 assay after incubation in the absence or presence of 300 μM NAC for the indicated time periods. Data represent the mean ± standard error of the mean based on three independent experiments, which were analyzed by one-way ANOVA. ^\*^P \< 0.05, ^\*\*^P \< 0.01, ^\*\*\*^P \< 0.0001. (F) Cell proliferation was analyzed using the CCK8 assay after incubation in the absence or presence of PEG-SOD (150 U/ml) for the indicated time periods. Data represent the mean ± standard error of the mean based on three independent experiments, which were analyzed by one-way ANOVA. ^\*^P \< 0.05, ^\*\*\*^P \< 0.0001. (G) Cell proliferation was analyzed using the CCK8 assay after incubation in the absence or presence of 100 μM apocynin for the indicated time periods. Data represent the mean ± standard error of the mean based on three independent experiments, which were analyzed by one-way ANOVA. NS, not significant. (H) ROS production was measured using DCFH-DA. HeLa and HeLa/Mstn KO cells were incubated in the absence or presence of 20 μM etomoxir for 48 h. The fluorescent intensities of DCF were examined using a fluorescent plate reader. Data represent the mean ± standard error of the mean based on three independent experiments, which were analyzed by one-way ANOVA. NS, not significant, ^\*\*\*^P \< 0.0001. (I) Cell proliferation was analyzed using the CCK8 assay after incubation in the absence or presence of 20 μM etomoxir for the indicated time periods. Data represent the mean ± standard error of the mean based on three independent experiments, which were analyzed by one-way ANOVA. ^\*^P \< 0.05, ^\*\*^P \< 0.01, ^\*\*\*^P \< 0.0001.Fig. 8

To explore whether ROS generation from enhanced fatty acid oxidation is the cause of Mstn KO cell apoptosis. Etomoxir, an inhibitor of carnitine palmi- toyltransferase 1 (CPT1) that blocks the rate-limiting step in fatty acid oxidation was used. First, the cytotoxic activity of etomoxir to HeLa cells was analyzed. Cells treated with 20 µm etomoxir, no significant reduction in cell viability was detected ([Fig. S5A](#s0170){ref-type="sec"}) and this concentration could significantly inhibit the rate of fatty acid oxidation ([Fig. S5B](#s0170){ref-type="sec"}). To confirm ROS generation was upstream or downstream of fatty acid oxidation in mitochondria, we evaluated the intracellular ROS level. As shown in [Fig. 8](#f0040){ref-type="fig"}H, intracellular ROS level in HeLa/Mstn KO cells was enhanced, whereas etomoxir significantly inhibited the increase of ROS generation. Furthermore, compared with the vehicle control treatment, the cell viability in Mstn KO cells was increased when fatty acid oxidation inhibited by etomoxir ([Fig. 8](#f0040){ref-type="fig"}I). In sum, ROS derived from enhanced fatty acid oxidation are involved in HeLa/Mstn KO cell apoptosis.

3.9. Model of Mstn KO induced ROS-mediated apoptosis in cancer cells {#s0145}
--------------------------------------------------------------------

In summary, our results indicated that Mstn deficiency induced apoptosis in cancer cells. Mstn KO enhanced the fatty acid oxidation and reduced the cellular TG and TC contents, which ultimately triggered ROS generation. The increased production of ROS caused changes in the morphology, function, and physiology of mitochondria. These changes were followed by the release of Cyt-c into the cytoplasm, thereby causing caspase activation, and finally leading to mitochondria- dependent apoptosis in cancer cells ([Fig. 9](#f0045){ref-type="fig"}).Fig. 9Model of Mstn KO induced ROS-mediated apoptosis in cancer cells.Fig. 9

4. Discussion {#s0150}
=============

Muscle loss and cachexia have been postulated to be key determinants of cancer-related death. Mstn is the negative regulator of muscle growth and a crucial player in the development of cancer cachexia [@bib7]. However, the roles of Mstn in cancer as well as in regulating the survival and growth of cancer cells remain obscure. In our study, the expression of Mstn in several types of tumor tissues was investigated, and consistent results had been confirmed. Immunofluorescent analysis of tissues from 10 gastric cancer patients，10 lung cancer patients and 10 esophagus cancer patients demonstrated that cancer cells showed significantly staining of Mstn when compared to their corresponding pericarcinous tissues with positive nuclear staining ([Fig. 1](#f0005){ref-type="fig"}). We also found a capsule like structure contained a large number of Mstn ([Figs. 1](#f0005){ref-type="fig"}A3, [1](#f0005){ref-type="fig"}B5, [1](#f0005){ref-type="fig"}C3, [1](#f0005){ref-type="fig"}C4, [1](#f0005){ref-type="fig"}C6), these packages of Mstn in the capsule may also be released. As shown in [Figs. 1](#f0005){ref-type="fig"}A4, [1](#f0005){ref-type="fig"}B3, [1](#f0005){ref-type="fig"}B4, [1](#f0005){ref-type="fig"}C3 and [1](#f0005){ref-type="fig"}C6, Mstn proteins were dispersed in cancer tissues, if these Mstn circulates in the blood will lead to cachexia. In addition, we demonstrated that Mstn was expressed at higher levels in different types of human cancer cells compared with non-tumorigenic HEK293 cells ([Fig. 2](#f0010){ref-type="fig"}). We propose that Mstn is a cancer-related factor synthesized by cancer cells and that it induces severe skeletal muscle wasting during cancer cachexia. This hypothesis is consistent with the appearance of Mstn in the secretome of the murine C26 colon cancer model [@bib33]. Furthermore, an early study detected the upregulation of Mstn signaling during the pathogenesis of muscle wasting in experimental cancer cachexia [@bib3]. Similarly, elevated serum Mstn levels are correlated with muscle mass loss in patients with liver cirrhosis [@bib34]. Thus, the inhibition of Mstn is a promising approach for treating cancer cachexia. Indeed, recent studies have shown that a therapeutic strategy based on blocking the Mstn pathway fully reverses skeletal muscle loss and dramatically prolongs the survival of tumor-bearing animals. However, the tumor growth rate and weight in the animals were not affected when Mstn pathway abolished by sActRIIB [@bib7]. We consider the failure to decrease tumor growth rate and weight in mice, possibly because previous researchers utilized the intramuscular injection of ActRIIB\'s soluble extracellular domain, which inhibits receptor binding and the biological activity of Mstn, while the expression and function of Mstn within tumor were not affected. Therefore, inhibiting the synthesis and secretion of Mstn might be the most fundamental strategy for overcoming Mstn-related muscle wasting during cancer cachexia.

In the current study, we first found that lentivirus-mediated Mstn knockdown inhibited the growth and promoted the apoptosis of cancer cells (Huh7, HeLa, HepG2, and A549), but it had little effect on non-tumorigenic HEK293 cells ([Fig. 2](#f0010){ref-type="fig"} and [S3](#s0170){ref-type="sec"}). To further confirm the correlation between Mstn level and cancer cell apoptosis, CRISPR/Cas9 was used to directly knock out Mstn in HeLa cells (which had the highest Mstn level). Our results demonstrated that Mstn KO not only induced apoptosis in HeLa cells *in vitro* ([Fig. 4](#f0020){ref-type="fig"}), but also inhibited tumorigenesis *in vivo* in a xenograft tumor model ([Fig. 5](#f0025){ref-type="fig"}), thereby suggesting that Mstn is a cancer-related protein that induces muscle loss and associates with tumor progression. Consequently, Mstn may represent an attractive drug target. In addition, our results showed that when Mstn was knocked out, there were changes in the mitochondrial morphology and function, which led to mitochondria-dependent apoptosis ([Fig. 6](#f0030){ref-type="fig"}). This effect may also be relevant to the severe health problems and low survival rate caused by Mstn KO in animals [@bib35], [@bib36]. To the best of our knowledge, the present findings are the first experimental evidence to demonstrate that the genetic ablation of Mstn induces mitochondria-dependent apoptosis in cancer cells. Interestingly, a previous study showed that prolonged exposure to Mstn also induced mitochondria-dependent apoptosis in cancer cells, but the mechanism was attributed to Mstn induced metabolic shift from oxidative phosphorylation (OXPHOS) to glycolysis in glucose-addicted cancer cells, then, these metabolic changes and ATP depletion were causally linked with VDAC1 upregulated, HKII downregulated and Bax translocation to the mitochondria and subsequent apoptosis in cancer cells. In our study, it was found that the Mstn deficiency resulted in an increase in fatty acid oxidation, which further induced the formation of ROS, when ROS accumulated beyond the ability of cell reduction, apoptosis occurred. These observations are consistent with the result that Mstn-null mice showed slightly higher level of respiration ratio than their wild type littermates [@bib29]. Furthermore, when we exposed HeLa cells to wide range of Mstn concentrations, results confirmed the findings of Liu et al. [@bib29] that higher doses of Mstn led to HeLa cell apoptosis ([Fig. 4](#f0020){ref-type="fig"}H). Collectively, evidence has suggested Mstn plays an important role in regulating mitochondrial energy metabolism, too much or too little both can be bad to cancer cells. Thus, the function of Mstn is complicated, its role in modulating the balance between OXPHOS and glycolysis requires further investigation.

Previous studies demonstrated that Mstn^--/--^ mice exhibited atrophied adipocytes and a failure to accumulate fat [@bib37], [@bib38]. But the Mstn^--/--^ mice are normal animals, the differences between cancer cells and normal cells are vast. We tried to assess whether loss of Mstn could affect fatty acid metabolism in cultured cancer cells. As shown in [Fig. 7](#f0035){ref-type="fig"}, TC and TG contents were strongly reduced in these KO cells. We hypothesized that this could have been due to reduced triacylglycerol synthesis or enhanced fatty acid oxidation. Q-PCR analysis indicated the upregulation of fatty acid oxidation- related genes, while the expression levels of genes involved with triglyceride or cholesterol synthesis were increased or unchanged. The rate of labeled fatty acid oxidation was also increased ([Fig. 7](#f0035){ref-type="fig"}). In addition, two previous studies confirmed an increase in the total energy expenditure in Mstn^--/--^ mice [@bib10], [@bib39], which suggests that increased fatty acid oxidation could be a key factor related to the reduced lipid composition in Mstn KO cells. We also hypothesized that Mstn KO could increase the activity of AMP-activated protein kinase (AMPK), which is a critical regulator of energy metabolism and the expression of genes involved with fatty acid oxidation [@bib40]. Furthermore, AMPK activation has been shown to increase fatty acid oxidation [@bib41]. Consistent with this finding, our unpublished results confirmed the increased phosphorylation of AMPKα in Mstn KO cells. Besides, it has been shown that the activation of ActRIIB by Mstn inhibits the phosphorylation of Akt, which is a key activator of the mTOR pathway related to protein synthesis and an inhibitor of FoxO1, which promotes protein degradation [@bib42]. Thus, Mstn KO should increase protein synthesis and decrease protein degradation to increase the overall levels of proteins, including AMPK and fatty acid oxidation-related enzymes. Finally, Akt stimulates aerobic glycolysis in cancer cells and when the ATP levels are decreased, the compensatory responses of cells may enhance the oxidation of fatty acid to supply sufficient energy for cell survival [@bib29], [@bib43]. The known Mstn signaling is initiated by mature Mstn binding first to ActRIIB receptor. However, the potential role of precursor Mstn that binds to DNA or interacts with other regulatory factors to govern gene expression is still largely unknown. Much attention should focus on the mechanisms changed by Mstn deficiency within cancer cells.

Cancer cells are characterized by a high rate of glycolysis, which is associated with a lower pyruvate oxidation rate. In general, cancer cells are more active in terms of the production of ROS than normal cells, and they are under intrinsic oxidative stress due to their increased metabolic stress and proliferative capacity, and thus they are more sensitive to oxidative stress [@bib35]. Limited mitochondrial respiration and OXPHOS reduces oxidative stress during DNA replication and in phases of high biosynthetic activity [@bib12], [@bib16], [@bib17], [@bib44]. Increased fatty acid oxidation occurs in mitochondria and it is associated with increased OXPHOS and net ROS production [@bib45]. SOD enzymes are key antioxidant enzymes involved with the metabolic elimination of ROS, and our Q-PCR analyses showed that the expression levels of SOD1 and SOD2 were generally higher in cancer cells compared with HEK293 cells ([Fig. S6](#s0170){ref-type="sec"}). The increased expression levels of SOD1 and SOD2 in cancer cells reflect the cellular response to intrinsic oxidative stress, and their upregulation may be an important adaptation mechanism that provides more sustainable protection against increased ROS stress. However, this adaptation process appears to have a limited capacity in cancer cells, where ROS stress is enhanced further to a point that triggers cell death. In the current study, increased ROS production was obtained in HeLa/Mstn KO cells ([Figs. 8](#f0040){ref-type="fig"}A--[8](#f0040){ref-type="fig"}D) and human cancer cells (Huh-7, HeLa, HepG2, and A549) via the lentivirus-mediated RNAi of Mstn, while the non-tumorigenic HEK293 cells with Mstn knockdown had raised ROS levels but the increase was not significant ([Fig. S4](#s0170){ref-type="sec"}). The administration of ROS scavengers prevented the accumulation of ROS and abrogated apoptosis ([Figs. 8](#f0040){ref-type="fig"}D--[8](#f0040){ref-type="fig"}F). In Mstn KO groups treated with etomoxir, ROS level was attenuated and cell viability was significantly improved ([Figs. 8](#f0040){ref-type="fig"}H, [8](#f0040){ref-type="fig"}I), indicating that fatty acid oxidation and ROS were involved in the reduction of cell proliferation. Overall, these results indicate that ROS accumulation is a necessary and critical event in the loss-of-Mstn-induced apoptosis in cancer cells.

It should be noted that only a slight increase in cellular ROS was observed in non-tumorigenic HEK293 cells with Mstn knockdown ([Fig. S4](#s0170){ref-type="sec"}). It is likely that when normal cells are under oxidative stress, they can downregulate their mitochondrial respiratory activity so less ROS are generated in the cells. Previous studies detected a 30% decrease in oxygen consumption (an indication of mitochondrial respiratory activity) when normal lymphocytes were incubated with ROS-generating agents. However, this downregulation of mitochondrial respiration was absent in cancer cells and they continued to consume high levels of oxygen when incubated with ROS-generating agents under the same conditions [@bib35]. Thus, the ability of normal cells to downregulate their oxidative activity when exposed to ROS stress may be a mechanism that protects cells from further ROS production, and thus oxidative damage. This is consistent with our observation that the knockdown of Mstn did not induce apparent changes in the mitochondrial morphology of HEK293 cells, and the rate of fatty acid oxidation was also not altered ([Fig. S7](#s0170){ref-type="sec"}). The molecular basis of the downregulation of the mitochondrial respiration in response to oxidative stress in normal cells is not clear at present, and it is an important subject of future investigations.

Our study demonstrated that it may be possible to exploit the novel function of Mstn in regulating mitochondrial metabolism and apoptosis within cancer cells. The therapeutic disruption of Mstn expression in cancer cells may be a logical strategy for inhibiting cancer growth and muscle loss during cachexia. Further evaluations of this possible therapeutic strategy in preclinical and clinical settings are warranted.

5. Conclusions {#s0155}
==============

We found that Mstn was expressed at higher levels in different types of human tumor tissues and cancer cells, it played an important role in regulating the survival and growth of cancer cells. Given the influential functions of Mstn, we suggest that loss of Mstn could be a useful tool for fighting cancer and muscle loss during cancer cachexia due to enhanced fatty acid oxidation and ROS-induced apoptosis. Agents that target fatty acid oxidation or ROS generation will probably need to be combined with sActRIIB or anti-Mstn antibodies to successfully overcome muscle loss during cancer cachexia. The intra-tumoral injection or virus-mediated treatment with Cas9 as well as a sgRNA against Mstn may be an effective method for combating cancer while avoiding the deteriorating effects on muscle. Further studies, especially *in vivo* studies, are now required to assess whether similar effects to those observed *in vitro* also occur in solid tumors.
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